Introduction
In a previous pilot study we investigated the relation between perceived hoarseness and two measures of fundamental frequency perturbation in the running speech of six children (McAllister et al., 1996) . The speech material was identical for all voices. The measures examined were the standard deviation of the relative perturbation and the mean of the absolute perturbation. In the computation of these measures, the influence of intonation was eliminated. The perceptual evaluation showed clear differences between the voices with regard to hoarseness and it's three predictors hyperfunction, breathiness and roughness. However, no clear correlations were observed between these perceptual parameters and the perturbation measures.
This lack of correlation may be due to several different factors. First, the number of voices in our investigation was no more than six. Second, the material analysed was running speech which can be assumed to be more representative for the voices than sustained vowels but also to affect the outcome of acoustic measurements. Askenfelt & Hammarberg (1986) found that sustained vowel phonation was representative of voice deviation only in cases of severe voice pathology, whereas in other cases, running speech rendered more representative voice samples. Regarding the perceptual judgment of children's voices Sederholm (1996) found that, with regard to hoarseness, breathiness, roughness, and hyperfunction, expert listeners made similar perceptual judgements of 50 children's running speech and sustained vowels. However, the magnitude and order of these parameters were not identical in the two ratings. Similar findings were made by de Krom (1994) .
Sustained vowels are often recommended for the purpose of the acoustic analysis of perturbation. Murry & Doherty (1980) analysing five healthy and five severely pathological voices (malignancy of the larynx) found that sustained vowels were more appropriate than running speech for a correct classification based on acoustic measures. Perturbation measures from sustatined vowels and from running speech differ for many reasons. It has been suggested that a supraglottal constriction of a voiced continuant impedes the airflow, reduces transglottal pressure drop, and perturbs the vocal fold vibrations (Bickley & Stevens, 1986; Stevens, 1991) . Thus, such constrictions can be expected to affect perturbation measures. Moreover, Pabon (1991) showed that the distribution of jitter and shimmer typically varies over the voice range, so that perturbation values change systematically with both pitch and loudness. Most attempts to identify acoustic correlates of children's voice characteristics suggest that perturbation measures derived from sustained Acoustic measurements and perceptual evaluation of hoarseness in children's voices vowels represent relevant information. A number of acoustic investigations of children's sustained vowel production have shown positive results. Arnold & Emanuel (1979) , Kane & Wellen (1985) and Oates & Kirkby (1980) , analysed sustained vowels as produced by children with normal and pathological voices and found divergent acoustic data for the pathological group as compared to the normal voices.
The correlation between perceived voice deviation and spectrum characteristics has been investigated by several researchers. In 1967, Yanagihara reported on a close correlation between perceived hoarseness and the subjective estimate of noise visible in the second formant region as well as above 3 kHz. Kasuya et al. (1986) developed an automatic method for estimating such noise components in sustained vowel phonation. They analysed a group of 238 voices, 64 with normal glottal status and 174 with vocal pathologies classified on the basis of laryngeal findings. Their method successfully categorised 187 cases, or 79%. Yumoto et al. (1984) showed that hoarseness got a significantly higher correlation with two spectrographic measures, harmonic-to-noise and spectrogram analyses, than with jitter.
Summarising, with regard to children's voices sustained vowels seem to yield reasonably representative voice samples with respect to hoarseness and certain other voice traits (Sederholm, 1996) . Also, perturbation measures seem more reliable when derived from sustained vowels than from running speech. The present study aims at analysing the correlation between perceptual and acoustic characteristics of sustained vowel phonation in 10-year-old children. The study concerns six perceptual voice parameters and four acoustic measures chosen on the basis of previous investigations.
Method Subjects
In a project aimed at determining the prevalence of hoarseness in 10-year-old children's voices, a material of 205 recordings was collected (Sederholm, 1995) . The voices represented three different Swedish dialects, none of which uses phonatory manner as a regional marker (Hammarberg, personal communication) . Seven voice experts perceptually analysed all voices with regard to hoarseness and a set of five other voice characteristics (hyperfunction, breathiness, roughness, instability and gratings). The mean hoarseness value was then computed for each voice. For the present study, 50 of these voices were selected, 26 of boys and 24 of girls. The selection criteria was that their voices were evenly distributed along a scale of rated mean hoarseness values, see Figure 1 (Sederholm, 1996) . None of these 50 voices were identical to any of the 6 voices analysed in our previous investigation of the relations between perceptual and acoustic voice characteristics (McAllister et al., 1996) .
Tape recordings
The voices of the children were recorded in acoustically reasonably attenuated rooms in the schools using a Sony TCD-D1 DAT tape recorder and a Sony ECM-55B microphone. The microphone was mounted on a pair of eyeglassframes to ensure a stable and constant microphone distance, and to eliminate the risk of air blast. Each child read a short text and was also asked to sustain the vowel [a:] for at least 3 seconds. In the present study, only the sustained vowels will be considered.
Perceptual evaluation
For the perceptual evaluation 2.5 -3 seconds long portions were spliced from the middle portion of the sustained vowel [a:]. Sound level ramps, linear as a function of time and 12.5 ms in duration, were applied to the onset and the decay of the stimuli. Each voice sample occurred three times on the test tape. The stimulus order on the tape was individually randomised for each of the seven listeners. In these sustained vowels the voices had a mean fundamental frequency level of 270 Hz, varying between 215 -364 Hz. This is only slightly higher than the 262 Hz reported by Eguchi and Hirsh (1969) as the mean speaking fundamental frequency for 10-yearolds. The perceptually evaluated voice material was acoustically analysed by co-author SH using a commercially available automated voice analyser, a slightly modified version of Rion SH-10. The analysis included two perturbation measurements based on Koike (1973) , period perturbation quatient (PPQ) and amplitude perturbation quatient (APQ), more commonly called jitter and shimmer, two harmonics-to-noise measures called normalised noise energy, NNEa and NNEb, analySing the frequency range of 0-5 kHz and 1-5 kHz, respectively. Also, fundamental frequency was measured in Hz. PPQ and APQ reflect departures from a running F0 average of period time and amplitude, thus reducing the influence of slow pitch changes. The NNE measures are based on adaptive comb filtering in the frequency domain and yield estimates of the mean level of noise components appearing between the harmonic spectrum partials.
Rated Hoarseness
The method has been described in detail elsewhere Kikuchi et al., 1986) . It was developed for analysing sustained vowel phonation and has been found to successfully identify not only severe vocal pathologies but also milder pathologies such as vocal nodules in adult voices and to confirm treatment results (Fex et al., 1994) .
For all measurements, three repeated computations were made using the resulting mean values for further analysis and correlations. To evaluate the reproducibility of the acoustic measures, three copies of each voice sample were analysed, and the standard deviation of each measure of the same voice sample was computed. Table 1 shows, for each of the five acoustic measures, these standard deviations averaged across all 50 voices. The standard deviations reveal a good reproducibility. 
Results
For the statistical analysis of the relations between the acoustic and perceptual data SPSS/PC 5.01 statistics and advanced statistics analysis system were used (Norusis, 1990 ). Pearson's pairwise correlation was computed. In a multiple stepwise regression analysis of the perceptual evaluation of these 50 voices' sustained vowel phonation, three predictors of hoarseness were identified that together explained 89% of the variance of hoarseness. Roughness accounted for 66%, followed by breathiness and hyperfunction accounting for 14 and 9%, respectively. These results are reasonably similar with regard to the selected voice parameters for sustained vowels and connected speech. In the connected speech of these voices, the statistical analysis selected the same three predictors but with hyperfunction as the most prominent variable explaining 73% of the variance of hoarseness followed by breathiness and roughness accounting for 9 and 1%, respectively (Sederholm, 1996) . The listeners perceived the sustained vowels to be more unstable but less hoarse, a result that does not seem surprising considering the different vocal tasks. Table 2 shows the interrelations between the acoustic parameters in terms of Pearson's twotailed correlation coefficients and the corresponding levels of significance. All four measures showed significant degrees of correlation varying between r=.335 and .736. Note that four correlations reached significance at the highest p≤.001 level. Correlations between perturbation and harmonics to noise measures have been observed previously ( Wolfe et al., 1995; Yumoto et al., 1984) . Table 3 shows the correlations between the six perceptual parameters and the four acoustic measures. Figures 2, 3 and 4 show the distributions and the regression lines for the statistically most significant correlations between acoustic and perceptual parameters. Breathiness correlated with all acoustic measures. For three of the tested acoustic measures, the correlation was at the p≤.001 level of significance, the highest being with NNEa followed by PPQ and NNEb and also APQ, although at the lower level of significance.
Hoarseness and roughness were both found to correlate with PPQ and NNEa at the p≤.001 level of significance. Gratings correlated with PPQ, but at the lower level of significance. Hyperfunction and instability, on the other hand, did not correlate with any of the acoustic measures. Among the acoustic measures, APQ and NNEb correlated only with breathiness. PPQ and NNEa correlated with three perceptual parameters, hoarseness, breathiness and roughness, at the highest level of significance. In addition, PPQ also correlated with gratings, at p≤0.05.
The correlation between perceptual and acoustic parameters was also analysed with sex as the dependent variable. In Table 4 , the results are shown for girls only. Here breathiness was the only parameter reaching the p≤0.001 level of significance with PPQ and NNEa. Breathiness also correlated with APQ at the lower level of significance. The correlation between hoarseness and PPQ and NNEa was lower, p≤0.05. No other parameters correlated at the selected levels of significance for the girls. In order to further study how these four acoustic parameters describe the perceptual voice characteristics and also to possibly identify the key acoustic measure of each perceptual parameter a multiple stepwise regression was made with each of the perceptual parameters as the dependent variable. The results are listed in Table 6 . For the perceptual variables instability and hyperfunction, the analysis failed to select any acoustic variables. Nor did these two variables correlate with any of the acoustic variables, see Table 3 . Only breathiness reached an explained variance above 50% with the acoustic parameter NNEa of 54%. For all other parameters, the explained variance was clearly below 50%. Most equations only proceeded one step thus indicating that further analysis would not add to the explained variance.
In a previous investigation of children's voices, each perceptual parameter was rank ordered according to ascending mean from a perceptual evaluation (Sederholm et al., 1993) . For most parameters, a marked discontinuity could be observed in the distribution. This discontinuity was used as a borderline between normal and deviant voices. Parallel to that investigation, the mean values of the acoustic parameters in the present study were rank ordered in figure 2. A clear discontinuity can be observed in the rank order of PPQ for the last three voices. A somewhat smoother change of direction can be observed for APQ. No clear discontinuity can be observed in the rank order means of NNEa and NNEb. The voices at the top of the rank order of the acoustic parameters are not identical to those appearing at the top of Mean rated hoarseness (mm)
Mean NNEa (dB)
MVNNEa ( the perceptual rank order except for NNEa and breathiness, where the four voices rated as most breathy also appear at the top of the acoustic evaluation. However, the order of the voices is not identical. Regarding hoarse, breathy and rough compared to the PPQ measurement, the voice rated as second to most hoarse and rough received the highest PPQ value. The perceptual evaluation of breathiness ranked this voice tenth from the top.
Discussion
Despite rather high degrees of correlations, the scatter plots in Figures 3, 4 , and 5 show a considerable spread. Similar degrees of scatter have been found in corresponding analyses of adult voices (Askenfelt & Hammarberg, 1986) . The scatter suggests an explanation why no correlation was found in our previous pilot study of six children's voices where relations between two perturbation measures and perceptual voice characteristics were analysed. Even though that study concerned running speech, it still seems difficult to predict the perceptual qualities of voices from acoustic analysis. Against this background it seems appropriate to discuss the validity of these acoustic measures. It might be argued that a significant correlation with a perceptual characteristic is the criterion for validity of an acoustic measure. However, a perfect correlation between perceptual and acoustic voice characteristics is hardly to be expected. While an acoustic analysis reflects a set of well-defined aspects of the voice signal, perception would be highly influenced by the listener's previous experiences and internal standards. Therefore, perception is likely to depend on constellations of acoustic properties rather than on any one particular physiological aspect. Discarding all acoustic measures that fail to correlate with a perceptual parameter seems inappropriate. Physiological relevance would seem to be a better criterion for validity. Still, some significant correlations were observed. All four acoustic measures were found to correlate with breathiness, with regard to PPQ, NNEa and NNEb at the highest level of significance. In addition, PPQ and NNEa correlated with hoarseness and roughness. On the other hand, instability and hyperfunction did not correlate with any of the acoustic parameters. Regarding instability it may seem somewhat unexpected that no correlation was found with PPQ since fluctuations of fundamental frequency has generally been found to correlate with this perceptual parameter. However, it is possible that the fluctuations of fundamental frequency that occurred in our material were slow enough to be captured by the running F0 mean of the program and thus failed to affect the perturbation measures. Another explanation is that what our listeners perceived as instability was dependent on spectrum fluctuations that were not captured by our accoustic measures. With regard to hyperfunction it has 
Fig. 5. Rank ordered ascending mean values for the four acoustic measures.
been pointed out that this perceptual variable is not necessarily associated with high jitter or harmonic-to-noise values (Klingholz & Martin, 1985) . This result is not very surprising since hyperfunction mainly correlates with a low spectral level of the fundamental relative to the first formant. Thus, in order to identify hyperfunctional voices other acoustic measures than those used in the present study seem appropriate (Hammarberg, 1986; Hammarberg & Gauffin, 1995; Hillenbrand et al., 1994) , viz., the amplitude of the first harmonic and the spectral tilt. A recent study of adult voices showed that a perceptual voice evaluation was more reliable than an acoustic evaluation performed by three different automated systems (Rabinov et al., 1995) . With increasing degree of voice deviation the automated analysis systems tended to break down whereas the listeners' reliability tended to improve. The authors proposed that acoustic measures may be more reliable and possibly preferred when discriminating between essentially normal voices. As none of the voices analysed in the present investigation were clearly pathological, the acoustic analysis could thus be expected to yield reasonably reliable results.
The correlations between the four acoustic parameters shown in Table 2 seemingly suggests that they at least partially reflect the same voice feature. Indeed, all these parameters are affected by the periodicity of the fundamental frequency. Moreover, the PPQ and NNEa measures both yielded significant correlations with the same three perceptual parameters, thus suggesting an interrelation between these two measures. However, the correlations were not exactly the same. In the present study, PPQ showed high correlations with both APQ and NNEa. The relationship between jitter and harmonics-tonoise ratio has previously been observed by Yumoto and colleagues (1984) and by Wolfe et al. (1995) . Yumoto et al. suggested that jitter contributes to the magnitude of the noise components in the harmonics-to-noise-ratio (HNR). On the other hand, it is also very likely that simultaneous combinations of these acoustic characteristics, as well as the perceptual, occurred in the voices analysed. This is exemplified by the results from the perceptual evaluation where the voice rated as most hoarse also had the highest rating on breathiness and roughness.
The rank ordered means for NNEa and NNEb did not show any marked discontinuities as could be observed in the distribution for PPQ and APQ. Still the correlation between particularly NNEa and breathiness was high. However, the rank ordered mean of breathiness has been shown to have a similar distribution as the NNE measures (Sederholm et al., 1993) . This may indicate that breathiness is a more acceptable voice trait in childrens voices, regarded as a less pathological parameter than roughness and hoarseness, where marked discontinuities in the rank ordered mean values could be observed (Sederholm et al., 1993) . The correlations differed slightly between boys' and girls' voices. For the girls', breathiness correlated only with PPQ and NNEa at the highest level of significance. The same applied to the boys' voices except that also NNEb showed a correlation. Although at a lower level of significance, the same difference occurred between girls and boys with respect to hoarseness. Regarding roughness, PPQ and NNEa correlated only for the boys' voices. Thus, the spectral noise measures seemed more relevant to perceived voice quality in boys than in girls. The boys' voices were perceptually evaluated as more hoarse and rough than the girls' voices. Only one girls' voice was perceptually rated to have a substantial degree of roughness. This may reflect a difference in vocal behaviour between the girls and the boys.
How representative of the normal phonatory habits are sustained vowels as compared with running speech? Analysing adult voices, Södersten & Hammarberg (1989) found that most perceptual parameters were more prominent in connected speech as compared to sustained vowels. Furthermore, with regard to test-retest reliability, reading a text has been found to yeild more stable data than both running speech and sustained vowel phonation (Fitch, 1990) . Sederholm (1996) recently carried out a perceptual study of the same 50 voices as were analysed in the present investigation. She found that expert listeners perceived the voices to be more unstable but less hoarse when sustaining a vowel as compared to running speech. Furthermore, in sustained vowels she found roughness to be the most important predictor of hoarseness while in running speech it was hyperfunction. It is possible that roughness is considered to be more pathological when present in a sustained vowel than in connected speech. Also, instability was almost absent in running speech but an important characteristic in sustained vowels. This is probably due to the more unfamiliar vocal task when sustaining a vowel. The fundamental frequency in phonation of a sustained vowel may also be relevant to consider. The children were instructed to phonate at a pitch level representative of normal speech. In some cases this turned out to be a difficult task, resulting in a fundamental frequency which appeared to be slightly above the habitual value.
Thus, running speech and sustaining a vowel seems to evoke a slightly different phonatory behaviour in children. Furthermore, it has been proposed that articulation and supraglottal constrictions for voiced continuants perturb the vocal fold vibrations (Bickley & Stevens, 1986; Stevens, 1991) . Still, it seems preferable to perform the acoustic analysis on running speech in order to get a representative voice sample, especially in cases of essentially normal voices.
High frequency noise has been found to be an important component of voice deviation (Yanagihara, 1967) . This is in accordance with our finding that breathiness correlated with all acoustic measures. Period perturbation quotient PPQ together with NNEa were the most effective acoustic parameters in detecting voice deviation, and NNEa reached the highest correlation with breathiness, r=.734. This suggests that these measurements, and in particular PPQ and NNEa, can be useful tools in voice evaluation. Kreiman et al. (1993) pointed out that the perceptual evaluation of voice quality is the standard against which all other measurements are compared and evaluated. On the other hand, acoustic measures may reveal essential aspects of vocal status, even if they cannot be readily perceived from a voice recording.
Conclusion
Our results revealed a reasonable correlation between the perceptual hoarseness, breathiness and roughness and the acoustic measures PPQ and NNEa. Breathiness correlated with PPQ, APQ, NNEa and NNEb. No correlation was found between hyperfunction and instability and any of these measures. APQ correlated only with breathiness. Based exclusively on the present acoustic measures voices with high degrees of breathiness, hoarseness and roughness would be identified while voices with hyperfunction and instability would not be detected.
